Application of Different HSI Color Models to Detect Fire-Damaged Mortar  by Luo, H. et al.
Application of Different HSI
Color Models to Detect
Fire-Damaged Mortar
By H.L. Luoa, D.F. Linb, C.C. Yuc and L.Y. Chend
aDepartment of Civil and Ecological Engineering, I-Shou University, Ta-Hsu District, Kaohsiung City,
84001, Taiwan
bDepartment of Civil and Ecological Engineering, I-Shou University, Ta-Hsu District, Kaohsiung City,
84001, Taiwan
cDepartment of Civil and Environmental Engineering, National University of Kaohsiung, Kaohsiung City
81148, Taiwan
dDepartment of Information Management, I-Shou University, Ta-Hsu District, Kaohsiung City, 84001,
Taiwan
ABSTRACT
To obtain a better understanding of the effect of vehicle fires on rigid pavement, a nondestructive
test method utilizing an ordinary digital camera to capture images of mortar at five elevated
temperatures was undertaken. These images were then analyzed by “image color-intensity
analyzer” software. In image analysis, the RGB color model was the basic system used to
represent the color information of images. HSI is a derived-color model that is transformed from
an RGB model by formulae. In order to understand more about surface color changes and
temperatures after a vehicle fire, various transformation formulae used in different research areas
were applied in this study. They were then evaluated to obtain the optimum HSI model for further
studies of fire-damaged mortar through the use of image analysis.
Key Words: Non-destructive test method, HSI color model, Pavement, Concrete
1. INTRODUCTION
In Taiwan, the average number of traffic-related accidents is about 180,000. Fire damage
affecting both vehicles and roads, including local roads and highways, occur frequently.
The temperature produced by vehicle fires could reach higher than 1,000 °C, especially
in accidents related to tunnels and highway tunnels. As a result, rigid pavement materials
such as concrete could be seriously affected. Most research papers focus on the cause of
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vehicle fires; little research has been done on the pavement materials affected by these
types of fires. Traditionally, an assessment of fire-damaged rigid pavement such as
concrete is carried out simply by human visual inspection. Subsequently, either
destructive test methods or nondestructive methods are then instituted when further
inspection is deemed necessary for those suspiciously damaged concrete areas. With the
help of modern advanced technology, many different nondestructive test methods have
been developed and applied with good results for various inspection tests. Annerel and
Taerwe [1] applied both the Schmidt Rebound Hammer and colorimetry tests to assess
fire damage on heated siliceous-concrete specimens under laboratory conditions and a
concrete girder exposed to a real fire. They concluded that both methods were useful in
evaluating of the fire-damaged girder. Instead of using an instrumental method to evaluate
fire damage of reinforced concrete members, Kodur et al. [2] proposed an equation
derived through statistical nonlinear-regression analysis by using data generated from a
finite-element analysis. After a series of validations, they claimed that the proposed
method was attractive for use in design situations and for incorporation in design
standards. Dai et al. [3] utilized an acoustic emission technique to detect cracks of the
inclination and depth of concrete bridge beams. Since the sensitivity of ultrasound
propagation to the degradation of concrete cover increases with frequency, Goueygou et
al. [4] applied this feasibility to detect and characterize concrete-cover degradation. They
found that high-frequency ultrasound could identify variations in the microstructure of
degradation in the concrete cover even during the early stages of deterioration. Anaya et
al. [5] proposed a two-phase micromechanical model, a solid matrix and pores, and
ultrasonic velocity to study mechanical properties of concrete and mortar structures by
nondestructive test methods. They concluded that, by considering mortar as a multiphase
material, mechanical properties of mortar obtained by the proposed methods were closer
to the empirical measurements made by destructive methods than by standard,
nondestructive methods. Toutanji [6] applied the ultrasonic pulse-velocity technique to
study and characterize the ultrasonic wave signals received from different kinds of
anomalies in concrete bridge decks, both experimentally and analytically. Types of cracks
and crack depths were investigated and predicted. The ultrasonic pulse-velocity technique
was found to be a helpful tool in providing knowledge about the internal conditions of
concrete bridge decks and estimating crack sizes in these structural members. The above
literature suggests that most of the nondestructive test methods for concrete are related to
ultrasonic pulse velocity and similar techniques. Yet, very few studies investigate the
relationship among temperature, surface color changes, and other properties of fire-
damaged concrete by applying digital-image analysis. Image analysis has been widely
applied in many research areas. The RGB and HSI color models are two main spaces that
have been applied to image analysis. Gonzalez and Woods [7], in their book Digital Image
Processing, point out that the RGB model is good for processing aerial and satellite
multispectral-image data. They also mentioned that the digital image in a digital camera
is in the format of the RGB model. On the other hand, the HSI model has advantages in
that the intensity is decoupled from the color information in the image, and both hue and
saturation are closely related to the way in which humans observe color. It is an ideal tool
for developing image-processing algorithms that are related to the human visual system.
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Ledley et al. [8] concluded that the RGB color space gave the best descriptions of color
in applications related to computers, whereas the HSI color model gave the best
performance in terms of true-color image processing. Kim and Park [9] proposed an
ordered-palette construction algorithm based on the HSI color system and found that the
use of this system minimized errors in the reconstruction of the color palette when
compared with the RGB color model. Hoy [10] applied image analysis to the photo-elastic
mechanics in the HSI color model and made a good impression in the sense that digital-
image analysis will be widely utilized in many future applications of engineering. Shan et
al. [11] studied the surface concentration of adhered particles on flat or approximately-flat
surfaces of food by applying digital-image analysis. In their conclusion, if a food surface
and adhered particles have similar colors, the HSI color system helped to enhance the
color contrast between the surface and particles in the analysis. In their study of the burnt
areas of forests, Nikos et al. [12] transformed satellite data from the RGB color space to
the HSI color space. They concluded that burnt areas were better distinguishable from
unburnt areas when using the HSI color model rather than the RGB color model. Luo and
Lin [13] were successful in applying “image color-intensity analyzer” window software
to assess the quality of sewage sludge-ash brick samples by quantifying the surface-color
changes using digital-image analysis both in RGB and HSI color spaces. They found that
the red component had the highest intensity, followed by green and blue in the RGB space
for samples tested. They also noticed that changes of surface colors not only related to
firing temperatures but also related to compressive strength and water absorption. In their
study, Lin et al. [14] used an ordinary digital camera to capture surface images of mortar
and then uploaded them to a PC for analyzing changes of surface color with an “image
color-intensity analyzer.” Results showed that three primary color components, R, G, and
B on the surface color of mortar samples were influenced by chemical reactions, such as
dehydration of mortars, at a fire scene. They also found that by connecting the variations
of S with I, they have the potential to be useful factors in the assessment of the highest
temperature of fire-damaged mortar samples in the future. Lin and Luo [15] again applied
the window software “image color-intensity analyzer” to investigate color fading of
colored-asphalt pavement samples by mixing red and green dyes with clear asphalt and
then leaving them in the QUV testers for five different aging spans. Results indicated that
the intensities of three primary components, R, G, and B, rose with increasing amounts of
UV light with varying amounts of dye. They concluded that red dye may possess better
resistance to the fading of colors and digital analysis and that the software developed by
the authors are useful tools providing detailed insight into the process of color fading in
colored asphalt. In an effort to extend the reutilization of sewage sludge ash, Luo and Lin
[16] replaced a portion of cement with incinerated sewage sludge ash in mortar. The
relationship between elevated temperatures and surface-color changes of sludge-ash
mortar was investigated. Results indicated that the grayscale of sand can be applied to
assess high temperatures of fire. They also found that image analysis can become a useful
tool in detecting properties of mortar at a fire scene by quantifying the distributions of
colors and brightness of mortar surface with temperatures.
In this research, transformation formulae from Gonzalez and Woods [7], Ledley
et al. [8], Hoy [10], Shan et al. [11], and Nikos et al. [12] were evaluated. Values of hue
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(H), saturation (S), and intensity (I) obtained from those formulae were compared and
observed in a laboratory environment. Finally, the optimum transformation formulae
were selected for a future study regarding fire-related damages on mortar specimens or
rigid pavement materials.
2. EXPERIMENT AND METHODOLOGY
2.1. Mortar Specimens, Curing, and Heating
In this study, the materials used to make mortar specimens were analyzed and their
chemical compositions as well as the physical properties of cement are shown in Table 1.
Natural local river sand was used and particle-size distributions that passed different
sieves from 3/8”, #4, #8, #16, #30, #50, to #100 were 100, 93.2, 84.2, 58.1, 37.2, 19.3,
and 9.2%, respectively. Further, the specific gravity and water absorption were 2.64 and
1.6%, respectively. Specimens were made with the mix proportion of cement and fine
aggregate equaling 1:2.75 and water/cement ratio at 0.6 were assigned to the mix. The
size of the specimens was 5 × 5 × 5 cm. The specimens were demolded 24 hours after
casting and left in a curing room where the humidity and temperature were kept at
100% and 25 °C for 28 days. Next, specimens were dried in an oven at 105 °C for 24
hours before being heated in an electric furnace up to 1,000 °C. The furnace had an
interior size of 60 × 60 × 60 cm and a maximum temperature of 1,250·°C. Note that the
higher the temperature at a vehicle fire scene, the longer the fire duration, and more
severe damage on rigid pavement is observed. Hence, in order to help discuss fire safety
of pavements and understand the effects of elevated temperatures on the surface-color
changes of specimens, five designated temperatures, 25, 400, 600, 800, and 1,000 °C,
were applied to specimens in an electric furnace. Further, in order to avoid bursting of
specimens at firing, temperatures in the furnace were raised at 5 °C/min for the range
of 0~600 °C, at 2 °C/min for 600~800 °C, and at 1 °C/min for 800~1,000 °C. As the
specified temperature was reached, specimens were taken out from the furnace. Before
a digital camera took pictures, a thickness of about 0.18 mm from the surfaces of
specimens were rubbed off with fine sand paper to obtain a better finish for
photographing. Finally, images of the specimens were uploaded to a PC or laptop
computer, and then analyzed by the “image color-intensity analyzer” software to
acquire the intensities of three primary color components—R, G, and B. Subsequently,
these intensities were substituted into five different sets of transformation formulae
from RGB to HSI in order to evaluate the differences among them. A second objective
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Table 1. Chemical compositions and Physical properties of cement
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Free Loss of Specific Specific 
(%) (%) (%) (%) (%) (%) Lime ignition Surface gravity
(%) (%) (cm2/g)
Chemical
Compositions 22.13 5.89 3.6 63.21 1.22 1.93 1.3
Physical
Property 1.61 3102 3.15
was to uncover optimum transformations when applying the formulae to the assessment
of fire-damaged mortar specimens in any future study.
2.2. Digital Camera and Photographing
A digital camera was used to capture images. Note that the white balance of the digital
camera was adjusted before images of the specimens were taken in a dark room. The
humidity and temperature were kept at 77% and 27 °C for the laboratory and dark room,
respectively. The setup for photography is shown in Fig. 1. The shooting face of
specimens was selected arbitrarily from the heated surfaces. Throughout the whole
process, the light source was about 40 cm away from surfaces of the specimens.
2.3. Transformation Formulae for HSI Color Space
As mentioned previously by Gonzalez and Woods [7], the format of most images
taken by a digital camera is in the RGB color space. This model is usually represented
by a three-dimensional Cartesian coordinate system, in which red, green, and blue
stand for the x–, y–, and z– axes, respectively. The range for each axis is from 0 to
255. The origin of the coordinate system represents black, point (255, 255, 255)
represents white, and the diagonal characterizes the gray scale, which is the average
of R, G, and B. HSI is an acronym for the Hue, Saturation, and Intensity color space.
This space describes colors mathematically, and it is used typically in a cylindrical or
spherical coordinate system. As stated earlier, HSI has the advantage of being similar
to the way humans observe color. Hue is distinguished from wavelength (e.g., red,
blue, cyan). Saturation refers to the pureness of the color or the amount of whiteness
in the color mixture. Intensity provides information about the brightness or grayscale
of the color. If a cylindrical coordinate system is considered, as shown in Fig. 2,
angular magnitude stands for hue and 0° is normally chosen for the color red.
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Therefore, hue is a scale of other colors deviated from red. For example, yellow is 60°
away from red, green is 120°, and blue is 240°. The radius of the cylinder represents
saturation. 100% of saturation is at the perimeter of the cylinder, whereas 0% is the
center axis. Intensity is the height measured along the cylinder center axis, and this
varies from black to white as the height rises from the origin of the cylinder. HSI is
converted from RGB through the help of transformation formulae. Different sets of
conversion formulae were applied to various research areas. Table 2 shows the five
sets of formulae that were applied in this study.
3. RESULTS AND DISCUSSION
3.1. Influences of Temperature on R, G, and B
Figure 3 shows the main menu of the “image color-intensity analyzer” window
software. After an image has been captured using a digital camera and uploaded to a
computer, this analyzer will calculate intensities of red, green, and blue in the selected
area. A typical distribution of R, G, and B plotted by the analyzer for a temperature of
1,000 °C is displayed in Fig. 4. For each plot, the distribution is normally distributed
with a different average and standard deviation. The highest frequencies for R, G, and
B appeared at 127, 97, and 78 and their corresponding values were 2.8, 2.5, and 2.1%,
respectively. Figure 5 shows the relationship between temperature and intensities of R,
G, and B. All intensities decrease with a rising temperature up to 800 °C, but increase
with temperature between 800 and 1,000 °C. Moreover, the red component has the
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Table 2. Different transformation formulae for HSI color model
Source 
of Formula Hue (H) Saturation (S) Intensity (I)
Gonzalez
and Woods
if B/I > G/I
Ledley et al. If G > B
If G < B
Hoy
Shan et al. If G < B
If G >B
Nikos et al. If M = m, H = 0 If M = m, S = 0
If R = M, H = 60 ( 2 + b – g ) If I ≤– 0.5, S =
If G = M, H = 60 (4 + r – b ) If I > 0.5, S =
If B = M, H = 60 ( 6 + g – r )
Where the ranges of r, g, 
and b are [0,1].
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Figure 3. Main menu of image color intensity analyzer
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Figure 4. Histogram for mortar at 1,000 °C in RGB color space
highest intensity at different temperatures, followed by green and blue. This implies that
red is the dominant component in the RGB color space.
3.2. Discussion of Transformation Formulae
The conversions from the RGB color space to the HSI color space were interpreted
from a geometric point of view. Different interpretations result in differences among
conversion formulae. The transformation formulae studied in this research are
summarized in Table 2 and have been applied to diverse areas of studies. Gonzalez and
Woods [7] based their research on the concept that all colors attainable from
combinations of the three primary color components, red, green, and blue, lie inside an
HSI color triangle. Vertices are defined by these three-color components, and a
pyramid-like structure was constructed for the conversion model. Thereupon, with the
help of the geometric presentation, trigonometric relations, and vector analysis, they
obtained the transformation formulae. Among all transformation formulae, these sets of
equations are most applicable to the field of image processing. In order to derive
conversion equations for true-color image processing, Ledley et al. [8] utilized the idea
of “tilting” the RGB color cube (in a cartesian coordinates system) around the origin
and converted it to an “untilted” cylindrical coordinating system, the HSI color space.
Details of derivation are shown in reference [8]. Comparing these two sets of
transformation formulae, equations for I are seen to be slightly different. Since the I
component in Gonzalez and Woods’ derivation [7] passed through the centroid of the
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HSI color triangle, I = 1/3(R + G + B). In Ledley et al. [8], the I component was
obtained by using geometric calculations from the tilted coordinates system. Thus,
I = 1/√3 (R + G + B). Hoy’s formulae are based on the assumption that the radial-basis
vectors of R, G, and B are equally spaced 2/3πapart from each other on a unit circle,
and I is the axis passing through the center of the circle, if a cylindrical coordinate
system is considered. Again, I is equal to 1/3(R + G + B) and both H and S can be
calculated using basic trigonometry. The equation of H is different from that for
Gonzalez and Woods [7] and Ledley et al. [8]. These equations are useful in color-
image segmentation. Finally, for other derivations, refer to Shan et al. [11] and Nikos
et al. [12]. Note that Nikos et al.’s conversion formulae are extensively applied for
merging satellite data that are acquired from different sources. An example is Landsat
MSS with Return Beam Vidicon, etc. The merits of these equations are easily
implemented in computer programming. If these formulae in Table 2 are examined
warily, considerable similarities among them can be seen. On the one hand, similar
results obtained from some formulae are expected. On the other hand, very unlike
outcomes could also be observed. Note that, although the intensity of the red component
shown in Figure 5 had slight changes from 400 °C to 800 °C, intensities of the green
and blue components decreased with the increase of temperature. As stated previously,
the HSI color system is an ideal tool for developing image-processing algorithms that
are related to the human visual system. Therefore, when converged, those data from
RGB to HSI, S and I had noticeable changes with temperatures, though H had little
variation from 400 to 800 °C, and this will be discussed in the following sections.
3.3. Effects of Temperature on H
As seen in Table 2, the formulae of H are diverse, and values of H are very dissimilar
at different temperatures. Figure 6 shows the influence of temperature on H for the
water/cement ratio at 0.6. H, which stands for the green color obtained from Nikos
et al., oscillates between 123.38° at 25 °C and 125.67° at 1,000 °C. When compared
with inspections perceived in the laboratory, the result of Nikos et al. is far from the
observation. For Shan et al., hue slightly increases with rising temperature; 6.1°, dark
red at 25° C to 16.7° dim red at 1,000 °C. However, for the other three transformation
formulae, hue decreases with increasing temperature, and color changes from the dark
yellow series at 25 °C (48.3°) to the red series at 1,000 °C (21.1°). This is consistent
with examinations through human observation in the laboratory. Although there is a
slight increase at 600 °C (23.3°), it is still basically in the range of red color. As stated
before, hue calculated from Nikos et al. [12] is very different from observations made
in the laboratory, and hue obtained from Shan et al. showed a small rise in value. Yet,
the values of H are not usual for mortar, especially at 25 °C. This implies that the
application of the conversion formulae for Nikos et al. [12] and Shan et al. [11] to detect
fire-related damage on mortar needs to be cautious.
3.4. Effects of Temperature on S
Figure 7 shows the influence of temperature on S for each formula. Values of S increase
with rising temperature: 8.3% at 25 °C to 21.2% at 1,000 °C for most of the transformation
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formulae. This implies that the series of red color in mortar specimens is more diluted with
white as temperature increases. Moreover, as summarized in Table 2, the conversion of S
from Nikos et al. [12] is totally unlike others, and the values of S are larger than those of
the others as well. Yet again, the applications of transformation formulae from Nikos et al.
[12] must be carefully considered. Comparison of the tendency of variation in H to S
suggests that the relation between S and temperature may provide better information for
fire-damaged mortar specimens in future research.
3.5. Effects of Temperature on I
Intensity, I, stands for the grayscale or the brightness of the image. For most
applications, I is defined as the average of the three primary color components, red,
green, and blue, as shown in Table 2. In Ledley et al.’s search [8] for true-color image
processing, a different equation for I was applied, and the value of I was expected to be
larger than that obtained from the average of red, green, and blue. They summarized
that their conversion equations are applicable to image processing on grey-level images,
such as image enhancement, morphometrics, and pattern recognition. In order to
program easily, Nikos et al. [12] applied another equation for I, which is the average of
the maximum and minimum of red, green, and blue. The influence of temperature on I
for various formulae is shown in Figure 8. Intensities decrease with rising temperatures
for water/cement ratios at 0.6 and temperatures between 25 and 800 °C, which denotes
that the surfaces of specimens change from whiter grayscales to blacker grayscales.
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However, intensities increase while temperatures are between 800 and 1,000 °C. In this
range of temperature, surfaces are turning back to whiter grayscales again. This is
mainly the result of hydrates in the cement sintered into C3S, C2S, C3A, and C4AF,
which make the surface whiter. Moreover, as stated above, intensities obtained from
Ledley et al. [8] are higher than that from other formulae, followed by Nikos et al. Our
study suggests that the conversion equation of intensity from Ledley et al. [8] can be a
useful tool for researching fire-damaged mortar.
6. CONCLUSION
1. Concrete is a complicated mixture, and its properties change with the quantities of
coarse and fine aggregates, water/cement ratio, additives, and curing conditions, etc.
It becomes more complex after being heated by a fire. In this study, with the help of
a digital camera and color image-processing software, a quick method in detecting
the relationship between temperature and change of surface color of a mortar
specimen in the HSI color space is proposed. In comparison to the RGB color space,
color is independently separated into hue, saturation, and intensity in the HSI color
space, which is closely related to the way humans observe color. This advantage is
essential to detecting surface color changes in fire-damaged mortar, and it may
provide more information in the HSI color space than in the RGB color space.
2. Hue, calculated from Gonzalez and Woods [7], Ledley et al. [8], and Hoy [10], is
matched with the examinations closely conducted by human observation in the
laboratory. Yet, the value of H obtained from Nikos et al. differs greatly from the
observations. Furthermore, though hue obtained from Shan et al. [11] shows a
small rise in value, values of H obtained are not usual for mortar, especially at
25 °C. This implies that the application of conversion formulae for Nikos et al. [12]
and Shan et al. [11] to detect fire-related damage on mortar must be cautiously used
or not used at all.
3. Values of S increased with a rising temperature for most of the transformation
formulae. This implies that the series of red color is more diluted with white as
temperature increases. In the meantime, intensities decreased with rising
temperatures in the range of 25 to 800 °C. This implies that surfaces of specimens
changed from whiter grayscales to darker grayscales. However, intensities
increased while temperatures were between 800 and 1,000 °C. Surfaces also turned
back to whiter grayscales in this range. Since the surface color of test specimens is
mainly in the series of red at various temperatures, values of S and I may provide
more information when used to detect the maximum temperature that is related to
fire-damaged mortar in the future.
4. In this study, since values of H, S, and I calculated from conversion formulae of
Gonzalez and Woods [7], Ledley et al. [8] and Hoy [10] showed very consistent
distributions in the HSI color space, it is recommended that these formulae be
applied in the study for the assessment of fire-damaged mortar specimens when
using digital-image analysis. Since the intensity obtained from Ledley et al. [8] are
higher than that from other formulae, Ledley et al.’s equations [8] are the optimum
choice for the conversion from the RGB to the HSI color space in this study.
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